Intermittent administration of ampicillin alone has resulted in high failure rates in previously described animal models of enterococcal endocarditis. We developed a rat model of enterococcal endocarditis which permits comparison of continuous intravenous infusion of ampicillin with intramuscular therapy. Continuous low-dose ampicillin infusion (450 mg/kg [body weight] per day) was compared with the same dose given intramuscularly in three divided doses and with high-dose infusion (4.5 g/kg per day) of the drug. For the infecting strain of Streptococcus faecalis, the MIC and MBC were 1 ,ug/ml. Mean ampicillin levels in serum were 53.9 + 4.8 (peak) However, no statistically significant advantage was found for high-dose compared with low-dose ampicillin infusion in lowering bacterial titers in vegetations (P > 0.3).
Aside from viridans group streptococci and Staphylococcus aureus, enterococci are the most common pathogens causing bacterial endocarditis, and enterococcal endocarditis represents a major therapeutic challenge (14) . Streptococcus faecalis, the most common species of enterococcus to cause human infection, is typically susceptible to ampicillin, but the lack of consistent bactericidal activity of cellwall-active antibiotics against enterococci usually requires that they be combined with an aminoglycoside to obtain a synergistic bactericidal effect (17) . However, under appropriate experimental circumstances, experimental enterococcal endocarditis may be successfully treated with ampicillin alone (21) . Studies dealing with the effect of antibiotic administration modes on tissue penetration are limited in number and display contradictory results. However, in some situations, continuous infusion of 1-lactam antibiotics may be advantageous (1) . The purpose of this study was to evaluate the efficacy of ampicillin administered in a standard fashion by intermittent injection compared with continuous intravenous infusion in experimental enterococcal endocarditis in rats and, further, to compare the effectiveness of low and high doses of ampicillin administered by continuous infusion. These studies assume particular relevance because the recent emergence of S. faecalis isolates containing multiple aminoglycoside-modifying enzymes (16; S. Kathpalia, V. Lorian, R. Levandowski, and G. G. Jackson, Clin. Res. 32:3724, 1984 ) has created a situation in which penicillin-aminoglycoside therapy is not more effective than penicillin alone and in which the clinician thus has little choice but to use the most active single-drug regimen available when treating endocarditis caused by such organisms. (12) .
Killing curves. Evaluation of the bactericidal activity of ampicillin against the test strain was performed by time-kill curve methods described previously (18) . Experiments were performed in dextrose-phosphate broth with an inoculum of 107 CFU/ml and ampicillin concentrations of 1, 5, 10, and 250 ,ug/ml. Flasks were incubated at 37°C in room air without agitation and sampled at the indicated times.
Production of bacterial endocarditis. Blood cultures were obtained 24 h after the beginning of treatment and on day 5 of therapy as described above. After death or sacrifice of the rat, the heart was excised. Cardiac vegetations were aseptically removed, weighed, suspended in 1 ml of sterile saline, and homogenized in a tissue grinder. Serial 10-fold dilutions of the homogenate were plated onto blood agar plates and incubated at 37°C for 24 h. Bacterial titers were recorded as CFU per gram of vegetation. Only results from animals that survived to receive 5 days of therapy were included in calculations of bacterial titers in vegetations. Animals which died spontaneously were included only in determination of whether sterilization of the vegetation had occurred.
Animals that received continuous-infusion therapy were sacrificed within a few minutes after termination of the antibiotic infusion; those treated with i.m. ampicillin were sacrificed 8 h after the last injection. The following experiment was performed to determine whether residual ampicillin within vegetations falsely reduced bacterial titers measured in animals treated with continuous infusions. Endocarditis was established in six animals, and ampicillin (450 mg/kg per day) was administered for 48 h. Immediately upon termination of therapy, vegetations were excised and processed as described above, except that samples were prepared in duplicate. One sample was plated on MuellerHinton agar containing penicillinase (65,000 U/ml; Difco Laboratories), and the other sample was plated on plain agar. Colony counts determined by the two methods were compared.
A 1:2,000 dilution of an overnight culture of S. faecalis 1310 was prepared in dextrose-phosphate broth and incubated for 2 h to a cell density of ca. 3 x 106 CFU/ml to study the effect of transient ampicillin exposure on subsequent growth of the test organism (postantibiotic effect). Ampicillin was added to a final concentration of 20 ,ug/ml, and incubation was done for 1 h more. At this time, the cells were pelleted by centrifugation, the antibiotic-containing supernatant was removed, and the cells were suspended in an equal volume of fresh prewarmed broth. Samples of 0.5 ml were removed every 20 min for determination of colony counts.
Statistical evaluation. The chi-square test with Yates' correction was used for examination of discrete variables. Differences in bacterial titers among treatment groups were examined by analysis of variance followed by application of the Scheffe multiple comparison method (11) .
RESULTS
Bactericidal activity of ampicillin. The in vitro bactericidal activity of ampicillin against S. faecalis 1310 determined by time-kill methods is shown in Fig. 1 . The drug demonstrated 24-h bactericidal activity (.99.9% killing) at concentrations comparable to mean levels achieved in serum with both LD and HD ampicillin regimens (see below).
In vivo endocarditis model. The levels of ampicillin in serum that were achieved with the various treatment regimens are shown in Table 1 . Trough levels of ampicillin determined 8 h after administration of an i.m. dose were undetectable (<1 ,ug/ml) in all rats in the i.m. group. In two rats in which serial ampicillin levels were measured at six time points over the first 90 min after i.m. dosing, levels averaged 1.8 ,ug/ml at 2 h and were undetectable by 4 h. Serum levels in blood were obtained at 30 min and 2 h in five additional rats treated with i.m. ampicillin. From these curves of the ampicillin level in serum, an elimination half-life of ca. 0.3 h was estimated, which is consistent with previously observed values of 15 to 28 min for the half-life of ampicillin in serum of rats (10, 22) .
Ampicillin concentrations achievable within sterile cardiac vegetations were studied in a group of four uninfected rats that received continuous-infusion LD ampicillin. The mean (+ standard error of the mean) concentration of ampicillin in serum was 9.1 ± 1.8 ,ug/ml, whereas ampicillin concentrations within vegetations averaged 4.1 ± 2.1 ,ug/ml. Three groups of five rats each were sacrificed at 30 min, 2 h, and 4 h after the last of three i.m. injections of 150 mg/kg administered every 8 h. In this group of uninfected rats, the 30-min peak ampicillin concentration (75 ,ug/ml) in serum was higher than that in the original group of infected rats treated with this regimen, but the level in serum fell to a mean of 1.8 ,ug/ml by 2 h. Ampicillin concentrations within vegetations averaged 50.4 ± 14.6, 71.2 ± 19.5, and 12.7 ± 1.9 ,ug/ml at 0. Five-day survival among rats treated with either continuous-infusion regimen was significantly more frequent than among controls (P < 0.01), but the groups did not differ from each other in this respect. Although survival among animals in the i.m. group (61%) exceeded that in the control group (31%), this result was not statistically significant. Both LD and HD regimens were effective in quenching bacteremia (P < 0.01). Although more animals had sterile vegetations after LD therapy than after HD ampicillin, these results were not statistically significant.
Reduction in bacterial titers within cardiac vegetations was comparable in both infusion groups (P > 0.3). Further, both LD and HD regimens were significantly more effective than i.m. therapy in reducing bacterial titers (P < 0.05 and P < 0.01, respectively). Because of the small size of the cardiac vegetations and dilution factors involved, antibiotic carry-over could not have influenced the determination of bacterial counts within vegetations. This was confirmed by the observation that in a sample of six animals treated with ampicillin for 48 h, colony counts determined on plates containing penicillinase (6.31 log10 CFU/ml + 0.7 standard error of the mean) did not differ from those obtained on plates made without the enzyme (6.43 logl0 CFU/ml + 0.7 standard error of the mean).
Because of the rapid elimination of ampicillin in treated rats (elimination half-life, ca. 0.3 h), eight additional animals were treated with the i.m. regimen plus probenecid (50 mg/kg per day) subcutaneously. The addition of probenecid prolonged the elimination half-life to ca. 1 h (determined in two rats) but failed to increase the 5-day survival (50%) or to significantly affect the bacterial titer within vegetations (mean, 7.07 log10 CFU/g).
DISCUSSION
The relative value of intermittent versus continuous administration of antibiotics during therapy of serious infections such as endocarditis has been debated for years. Although continuous infusions of ampicillin (often with an aminoglycoside) have been used clinically with good success in the treatment of streptococcal endocarditis (8, 15, 23) , some researchers have described better results with and, hence, a preference for intermittent dosage schedules (7, 9) . Support for the latter mode of administration has emerged from animal experiments such as those demonstrating higher antibiotic levels in subcutaneously implanted fibrin clots when ampicillin is administered by bolus injection rather than by continuous infusion (2) . Recently, Lavoie and Bergeron (13) 
